Abstract This paper reports on the successful Agrobacterium-mediated transformation of oat, and on some factors influencing this process. In the first step of the experiments, three cultivars, two types of explant, and three combinations of strain/vectors, which were successfully used for transformation of other cereals were tested. Transgenic plants were obtained from the immature embryos of cvs. Bajka, Slawko and Akt and from leaf base explants of cv. Bajka after transformation with A. thumefaciens strain LBA4404(pTOK233). The highest transformation rate (12.3%) was obtained for immature embryos of cv. Bajka. About 79% of the selected plants proved to be transgenic; however, only 14.3% of the T 0 plants and 27.5% of the T 1 showed GUS expression. Cell competence of both types of explant differed in terms of their transformation ability and transgene expression. The next step of the study was to test the suitability for oat transformation of the pGreen binary vector combined with different selection cassettes: nptII or bar under the nos or 35S promoter. Transgenic plants were selected in combinations transformed with nos::nptII, 35S::nptII and nos::bar. The highest transformation efficiency (5.3%) was obtained for cv. Akt transformed with nos::nptII. A detailed analysis of the T 0 plants selected from a given callus line and their progeny revealed that they were the mixture of transgenic, chimeric-transgenic and non-transgenic individuals. Southern blot analysis of T 0 and T 1 showed simple integration pattern with the low copy number of the introduced transgenes.
Introduction
Genetic modification is an important experimental tool that can be used to analyze and understand the mechanisms responsible for the expression of transgenes or endogenous genes, and to create plants with the desired characteristics. Of the two basic methods of genetic transformation-biolistic and Agrobacterium-mediated-the latter is more reasonable for most of the applications, like cotransformation or stable gene silencing by RNAi. The use of RNA interference technology is especially important in the case of polyploid species, mainly because it enables the repression of multiple orthologues (Lawrence and Pikaard 2003) .
Although Agrobacterium-mediated transformation is the most widely and successfully applied technique for genetic transformation of plants, its adaptation for use with allohexaploid cereals is far from universal. It has been successfully developed only for the agronomically important wheat (Cheng et al. 1997; Hu et al. 2003; Khanna and Daggard 2003; Wu et al. 2003; Przetakiewicz et al. 2004 ) and more recently for triticale (Nadolska-Orczyk et al. 2005) . Oat (Avena sativa L.) is another allohexaploid species thus far transformed only via the biolistic method. Its genetic transformation was accomplished using embryogenic calli or cell suspensions derived from immature embryos (Kuai et al. 2001; Perret et al. 2003; Somers et al. 1992; Torbert et al. 1995 Torbert et al. , 1998a , mature embryos (Kaeppler et al. 2000; Torbert et al. 1998b) , leaf base segments (Gless et al. 1998b) , cultures from seeds , and shoot apical meristems (Cho et al. 2003; Maqbool et al. 2002; Zhang et al. 1999) . Obtaining transgenic plants from leaf base segments has thus far only been possible for oat; it is not yet applicable to other allohexaploid cereals (Sticklen and Oraby 2005) . The most probable reason is the ability and efficiency of the oat plant to regeneration from this type of explant. The system was efficient for oat leaf bases (Gless et al. 1998a; Nuutila et al. 2002 and this paper) and inefficient for wheat (Wang and Wei 2004) and triticale (Nadolska-Orczyk, not published).
We have developed procedures of oat regeneration from two different types of explants: immature embryos and leaf base segments. Immature embryos are composed of highly totipotent, meristematic cells, whereas leaf base segments consist of differentiated cells, which have to undergo dedifferentiation before somatic embryo development and plant regeneration. This difference encouraged us to test cell-competence to Agrobacterium-mediated transformation and transgene expression. Our study also focused on preliminary testing suitability of pGreen (Hellens et al. 2000) vector system containing different selection cassettes for the effective transformation of this species.
Materials and methods

Plant material and in vitro culture
Immature embryos and leaf base segments of three Polish spring oat cultivars-cv. Bajka, cv. Slawko and naked cv. Akt-were used. The donor plants for the immature embryos were grown in a growth chamber at 20/16°C (day/ night), with a 16-h photoperiod (150 lmol s -1 m -2 light). Immature seeds were collected 10-14 days after anthesis and sterilized in 0.1% HgCl 2 for 4 min and washed with sterile distilled water for 3, 6 and 20 min. Immature embryos were excised and placed scutellum side-up on callus induction medium. To obtain leaf-base explants, mature seeds were sterilized (0.1% HgCl 2 ) and placed on MS (Murashige and Skoog 1962) medium without vitamins, and with 20 g l -1 sucrose and 2 g l -1 gelrite (Duchefa Biochemie). After 4 days of culture, the base part of the leaf, about 4-5 mm in length, was cut from each seedling and placed on the medium. Both types of explant were cultured on solid MSB medium containing Murashige and Skoog's (1962) macro-and microelements, Gamborg's et al. (1968) vitamins, 30 g l -1 sucrose and 2 g l -1 gelrite and 3 mg l -1 of 2,4-D (callus induction medium). After 4 weeks, a subsequent culture was performed on MSB medium containing 0.2 mg l -1 IAA and 1.0 mg l -1 BAP, and plantlets were developed on MS medium (Przetakiewicz et al. 2003) . Well-rooted plants were planted in soil and grown to maturity.
Agrobacterium strains and vectors
We used four combinations of Agrobacterium strain and vector [LBA4404(pTOK233), EHA101(pGAH), AGL1(pDM805), AGL1(pGreen)] containing different cassettes of promoter/selection gene/reporter gene. pTOK233 (Hiei et al. 1994) was provided by Dr. T. Komari from Japan Tobacco Inc., pDM805 (Tingay et al. 1997) by Dr. R. Brettell from CSIRO (Australia), pGAH (Hayashi et al. 1997) by Dr. N. Murata (Japan), and the pGreenII system (Hellens et al. 2000) by the John Innes Centre (www.pgreen.ac.uk). Both pTOK233 and pGAH contained nptII under the nos promoter and hpt under the 35S promoter. Additionally, pTOK233 carried gus with an intron under 35S (Fig. 1a) . pDM805 contained bar under the ubiquitin 1 promoter and gus under the actin 1 promoter. The LBA4404(pTOK233) strain was cultured in AB medium with 50 mg l -1 hygromycin (Hiei et al. 1994) , and EHA101(pGAH) in MG/L (Garfinkel and Nester 1980) supplemented with 5 mg l -1 kanamycin and 25 mg l -1
hygromycin (Hayashi et al. 1997) . Four types of selection cassette were cloned into the T-DNA of pGreen. The first vector contained 35S::nptII, the second nos::nptII, the third 35S::bar, and the fourth nos::bar. The reporter cassette, 35S::GUS containing an intron, was cloned close to the RB (StuI site) of these vectors (Fig. 1b) . The pGreen vectors were co-electroporated with pSoup plasmid (containing RepA) to Agrobacterium tumefaciens, strain AGL1. The bacteria were cultured in MG/L liquid medium (Garfinkel and Nester 1980) supplemented with 50 mg l -1 rifampicin (Agrobacterium strain) and 50 mg l -1 kanamycin (pGreen) or 5 mgl -1 tetracycline (pDM805). A single colony derived suspension of A. tumefaciens was divided into 100 ll aliquots, frozen and used as an inoculum of bacterial culture. After 2 days of culture at 28°C, the bacteria were resuspended in MS medium containing 200 lM acetosyringone at an OD 600 from 0.6 to 1.0. Transformation was performed according to the already published procedure for triticale (Nadolska-Orczyk et al. 2005) . After 3 days of preculture on callus induction medium, the explants were inoculated with a drop (about 10 ll) of A. tumefaciens suspension, and co-cultured for the next 3 days on the same medium. Next, they were transferred to that medium supplemented with 150 mg l -1
Timentin, and one of two selection agents: kanamycin (50 mg l -1 ) or phosphinothricin (2 mg l -1 ). The subsequent culture was performed on the same media with the same selection agent added.
PCR analysis and Southern hybridization
Genomic DNA was isolated from the young leaves of putative transgenic plants (T 0 ) and their first generation (T 1 ) using a modified version of Murray and Thompson's (1980) CTAB method. The PCR amplification was carried out in a 25 ll reaction mixture containing 240 ng of template genomic DNA, 100 lM of each dNTP, 3 lM of each primer, 1 U Taq DNA polymerase (Promega), 2 mM MgCl 2 and 19 DNA polymerase buffer. The sequences of the primers for the amplification of the 700-bp nptII gene fragment were: 5 0 -GAGGCTATTCGGCTATGACTG-3 0 and 5 0 -ATCGGGAGCGGCGATACCGTA-3 0 . For the 1,097-bp gus gene fragment amplification, they were: 5 0 -ACGTCCTGTAGAAACCCCAA-3 0 and 5 0 -CCCGCT TCGAAACCAATGCC-3 0 . For the 778-bp hpt fragment amplification, they were: 5 0 -TTTGCCCTCGGACGAGTG CT-3 0 and 5 0 -GGGAGTTTAGCGAGAGCCTGACCTA-3 0 . For the 430-bp bar fragment amplification, they were: 5 0 -TCTGCACCATCGTCAACCACTACATC-3 0 and 5 0 -CA GAAACCCACGTCATGCCAGTTC-3 0 . The control primers for the sequences specific to Agrobacterium (T 0 plants) were: 5 0 -CTTCTTGAACTCGCCACCGC-3 0 and 5 0 -AAG ATCTGATCGATAATGAG-3 0 for the 284-bp virA fragment amplification. The amplification conditions were: 94°C for 1 min, 62°C (nptII), 60°C (gus), 68°C (bar), 65°C (hpt) or 55°C (virA) for 1 min, and 72°C for 2 min (except in the case of hpt, 1 min). The number of cycles was 36. The conditions were optimized for each pair of primers separately.
From the T 0 plants, 40 lg of genomic DNA digested with HindIII was used for Southern blot analysis. Electrophoresis was in 0.8% agarose and 19 TBE buffer. The DNA was blotted onto nylon membranes, positively charged (Roche) using vacuum alkaline transfer. The probe was a PCR-amplified 700-bp nptII fragment labeled by DIG dNTP (Roche) using pTOK233 as a template in the case of T 0 hybridization and pGreen as a template in the case of T 1 hybridization. Prehybridization (0.5 h) and hybridization (16 h) were performed at 68°C in a standard hybridization buffer (Roche). Labeling and detection were done using a non-radioactive method according to the manufacturer's protocol. CSPD was used as a chemiluminescent substrate, and the light signals were detected on Xray film.
Histochemical GUS assay GUS expression was determined in the young leaves of T 0 plants and in leaf and coleoptile fragments collected from 5-day old T 1 seedlings using a modified histochemical GUS assay (Jefferson et al. 1987) . The seedlings were germinated in 8 cm diameter Petri dishes covered with filter paper dripped with water. Explants were incubated overnight at 37°C in a buffer containing 2 mM X-Gluc, 50 mM sodium phosphate, 50 mM potassium ferricyanide and 50 mM potassium ferrocyanide at pH 7.0.
Results
The two types of explant for plant regeneration and Agrobacterium-mediated transformation Regeneration procedures via somatic embryogenesis were established for two types of explant from three cvs. Bajka, Slawko and Akt. The explants from leaf base fragments were cut from seedlings and from immature embryos. Both had a high level of regeneration ability, yielding several plants per explant, depending on the cultivar (data not shown). On average, 90% of the immature embryo explants and 48% of the leaf base fragments regenerated plants.
In the preliminary experiments of Agrobacterium-mediated transformation of oat, we tested three combinations of strain and vector that had been successfully used for other cereals. There were: LBA4404(pTOK233), EHA101 (pGAH) and AGL1(pDM805). Embryogenic callus was developed after 3-4 weeks of culture on selection media (Fig. 2a ) and plantlets were visible after a further 1-3 weeks (Fig. 2b, c) . Transgenic plants were obtained from both types of explant-immature embryos (IE) and leaf base fragments (LB) of Bajka cultivar after LBA4404(pTOK233) transformation and kanamycin selection (Table 1 ; Fig. 2d, e) . The transformation rate was estimated as a percentage of the selected, independent callus lines (each from one explant) which gave rise to at least one fertile transgenic plant. It was highest for the two types of explant from cultivar Bajka. The transformation efficiencies for immature embryos were 12.3% and for leaf-base fragments, 8.2%. Much lower transformation rates were obtained for the immature embryos of cvs. Slawko and Akt transformed with LBA4404(pTOK233): 1.1 and 3.4%. There were no transformants selected from leaf base explants of Slawko and Akt transformed with the same combination of strain and vector (Table 1) . Transformation of 408 immature embryos of Bajka, Slawko and Akt with EHA101(pGAH) and 582 immature embryos of the same cultivars with AGL1(pDM805) did not result in the selection of any transformed plants.
Immature embryos of Bajka transformed with pTOK233 regenerated an average of 3.8 plants (65/17) and the leaf base fragments 4.8 (53/11; Table 1 ). However, the rate of PCR-positive T 0 plants selected from the two types of explant differed considerably and was 79 and 36.5%, respectively (Table 2) . Additionally, 9 (14.5%) out of 61 plants selected from leaf base explants died in the soil before maturation. Only 11.7% of the IE plants and 9.6% of the LB plants were GUS positive (Fig. 3a-e) . The GUS activity in the T 1 plants was higher; the mean percentage of GUS-positive progeny of immature embryo-derived plants However, none of the tested 9 lines showed Mendelian segregation. In total, 24.6% of the progeny of 13 Bajka lines selected from the leaf base explants were GUS positive, and the segregation for one line was Mendelian. Southern hybridization proved that the selected, PCRpositive oat plants transformed with pTOK233 were transgenic (Fig. 4) . The positive control, which was an 8.8 kb fragment of pTOK233 plasmid containing 0.8 pg of a fragment hybridizing with the probe, contained the equivalent of one copy of the nptII. The hybridization pattern for the DNA from the transgenic plants of immature embryo origin, representing independent callus lines (Fig. 4 , lines 79-55) were simple, with 1-3 copies of the transgene per line. The restriction pattern of the DNA from plants of leaf base origin (Fig. 4, lines 2 .5-12.7) differed from those of immature embryo origin with a higher number of bands observed. pGreen binary vector containing the appropriate selection cassette is suitable for Agrobacteriummediated transformation of oat To test the suitability of the pGreen vector system for oat transformation, four selection cassettes were cloned into the T-DNA of the vector: nptII under the nos or 35S promoter and bar under nos or 35S. All the pGreen vectors had gus under 35S and were transformed into the AGL1 strain. Putative transgenic plants were selected from the immature embryos of both cultivars after transformation with vectors GUS expression in the T 1 generation of the PCR-positive plants was observed in 24.2% of the progeny, and the segregation was non-Mendelian. Only for one plant were there more GUS-positive progeny than GUS-negative, but it was impossible to verify the type of segregation, because the plant set only six seeds. The percentage of PCR-positive plants in the first generation was 47.5% and, as in the case of GUS expression, segregation was non-Mendelian. Southern blot analysis of the T 1 plants (Fig. 5) confirmed the results of the PCR analyses. The tested transgenic lines showed one or two transgenic loci and the same pattern of inheritance in the progeny of one line. The number of seeds set by the transgenic T 1 plants ranged from 17 to 250 with a mean of 133, which was much higher than for their parents (T 0 ), and similar to the control R 1 plants.
Discussion
Competence of immature embryos and leaf-base fragments for transformation
In the case of oat, in vitro plant regeneration and genetic transformation is not only possible from the highly morphogenic, undifferentiated cells of immature embryos, as with other plants, but also from differentiated cells. The latter have to undergo dedifferentiation to be able to form somatic embryos and develop plants. The genetic and physiological background of these cells is different. To determine plant cell competence for transformation and transgene expression, two kinds of explant were used, immature embryos and leaf base fragments. The cells of the IE were more effective at producing transgenic plants 5-12.7) . The DNA was digested with HindIII and hybridized with a PCR-amplified 700 bp nptII, DIG-labeled probe. The expected bands' lengths were over 5.65 kb. M DIG molecular weight marker; P 8.8-kb fragment of pTOK233 containing a 0.8-pg fragment hybridizing with the probe, equivalent to one copy of nptII in all three of the tested cultivars. The number of selected plants per callus line was higher in the case of the leaf base explants of cv. Bajka; however, the percentage of transgenic plants obtained was less than half as many as with IE cells. The percentage of GUS-expressing plants in both the T 0 and T 1 generations was higher in the group of IE plants. Undifferentiated oat cells from immature embryos proved to be more competent for Agrobacterium-mediated transformation and transgene expression than differentiated, leaf base segment cells.
Biolistic versus Agrobacterium-mediated transformation of oat
In cereals, Agrobacterium-mediated transformation is now routinely used for rice, some genotypes of maize and barley, and wheat. The success of using this method for other than wheat allohexaploid cereals is still limited, so biolistic gene delivery is commonly used. The biolistic technique is well optimized and permits good transformation efficiency to be obtained (Svitashev et al. 2000) . However, it leads to the integration of complex transgenic loci frequently interspersed with genomic DNA (Svitashev and Somers 2001 ; reviewed by Somers et al. 2003) , cosegregation (Kohli et al. 1998; Leggett et al. 2000) , low fertility , and frequent chromosomal aberrations (Choi et al. 2000) . We showed simple integration patterns of transgenic loci produced by Agrobacterium-mediated transformation with low transgene copy number. Additionally, almost all the plants regenerated from immature embryos and 85% of the plants obtained from leaf bases were fertile in the first experiment. Good fertility was also proved in the second experiment with the pGreen vectors. Furthermore, the best combinations of the tested factors allowed transgenic plants to be obtained in a short time with a high degree of efficiency.
Other factors influencing Agrobacterium-mediated transformation of oat
The combination of the Agrobacterium strain and vector was important. Of the three used in the first experiment, only LBA4404(pTOK233) was effective in the transformation of oat cultivars. The hypervirulent AGL1 strain carrying the pGreen binary vector system was also able to transform oat cultivars. As in the case of allohexaploid wheat (Przetakiewicz et al. 2004 ) all the cultivars used were transformed by Agrobacterium. The strain/vector combination, which was the best for oat, was also the best for allohexaploid triticale (Nadolska-Orczyk et al. 2005) , although it was less efficient for wheat (Przetakiewicz et al. 2004) .
To test selection cassettes we used two typical selection genes under the control of two promoters. The nos promoter was effective at driving the nptII in kanamycinselected plants of Bajka, Sławko and Akt (pTOK transformation; repeated for Akt after pGreen) and bar gene in phosphinothricin-selected Bajka plants. The nptII regulated . The DNA was digested with HindIII and hybridized with a 700-bp nptII PCR-amplified and DIG-labeled probe. The enzyme cuts pGreen in a polylinker site once. The expected bands' lengths were over 1.8 kb. M DIG molecular weight marker; P(7.2) linear, 7.2-kb of pGreen containing 4 and 1 pg of the DNA hybridizing with the probe, equivalent to one copy of nptII Plant Cell Rep (2008 Rep ( ) 27:1721 Rep ( -1729 Rep ( 1727 by the 35S promoter enabled selection of transgenic Bajka plants. Other selection cassettes were reported as effective after particle bombardment transformation of oat. The most frequently used were the hygromycin-or herbicide-resistant under-monocot promoters Ubi1 and Act1 (Perret et al. 2003; Cho et al. 1999; Cho et al. 2003) . In other successful biolistic protocols, bar was driven by 35S (Maqbool et al. 2002) and nptII by Ubi1 (Cho et al. 2003) . We already proved for other allohexaploid cereals (Nadolska-Orczyk et al. 2005; Przetakiewicz et al. 2004 ) that the nos and 35S promoters could be successfully used in Agrobacteriummediated transformation. Selection genes driven by these promoters were effective at the embryonic callus level and for plantlet selection.
Transgene expression
Only one line out of the 21 tested in the first experiment showed the Mendelian type of segregation for gus expression. A similar result was observed in the second experiment. Additionally, as shown in the second experiment, the number of GUS positive plants in T 0 and T 1 was always lower than the number of PCR-positive plants. We suppose that at least part of the problems with the lack of gus expression in T 0 or its non-Mendelian segregation in T 1 was caused by the weak promoter. In this case, the relationship between the hemi-and homozygous transgene expression level, already documented for rice (James et al. 2002) could explain the distorted segregation. The irregular pattern of transgene expression and nonMendelian inheritance of the trait in oat transformed by the biolistic method was also reported for transgenes driven by the Adh1, 35S ) and Act1 (Zhang et al. 1999) promoters. However, in these reports, some of the instabilities were caused by the method itself. The instability of transgene expression is often attributable to the transgene copy number, the position of transgene integration and/or the degree of homology to endogenous genes (Matzke and Matzke 1995) and genomic instability (genetic and/or epigenetic) induced during the in vitro culture and transformation process (Zhang et al. 1996) , and finally to the structure of the transgenic locus . Mittelsten-Scheid et al. (1996) showed that a change in ploidy could also modify epigenetic silencing. As discussed by , allohexaploid oat may possess a mechanism preventing unwanted gene expression, and as few as two copies of the transgene could trigger silencing. Epigenetic silencing correlated with ploidy level could be another explanation for the non-Mendelian pattern of transgene expression observed by us in the allohexaploid cereals oat, triticale (Nadolska-Orczyk et al. 2005 ) and wheat (Przetakiewicz et al. 2004 ) transformed by Agrobacterium tumefaciens.
The multiple plants selected from a given callus line are a mixture of transgenic, chimeric-transgenic and non-transgenic individuals Detailed analysis of the T 0 plants selected from particular callus lines revealed that only some of them were transgenic. The non-Mendelian segregation of the transgenic progeny in T 1 suggested that their parents were transgenic chimeras. Obtaining chimeric plants was possible because the regeneration procedure was very short. Somatic embryos were formed during the first 3-4 weeks and plantlets developed from them during the next 1-3 weeks of culture, and were probably of multicellular origin. The different ratio of PCR-and GUS-positive to negative progeny in the plant lines originating from the same callus line suggested that the T 0 parents were not clonally multiplied, but that they instead developed from different somatic embryos. Both the non-Mendelian segregation ratio and the different origin of plants from the same callus line were shown by Southern analysis. The positive hybridization control represented the equivalent of a single copy of the nptII gene in the plant DNA. Therefore, the results suggested that the transgenes integrated within the plant DNA at one or two insertion sites, predominantly as single copies.
